The formation of the antibody variable domain binding unit (Fv) is the net result of three competing assembly reactions. The affinities of concurrent homologous interactions of heavy and light chain variable domains limits the heterologous interaction leading to productive formation of the Fv. To address the possible role of light chain dimerization in this phenomenon, the Gln38 residue at the dimer interface of an immunoglobulin light chain variable domain (V L ) was replaced by charged amino acids. The effects of these mutations on V L homodimer formation were monitored by small-zone size exclusion HPLC and the affinities of interaction were determined by computer simulation. Reduced V L homodimerization was observed in three of the four mutants, Q38R, Q38D and Q38K. The association constants for the Q38R and Q38D homodimers were 1.2ϫ10 4 and 3.2ϫ10 3 M -1 , respectively. This corresponded to a 20-75-fold reduction in the homodimer association constant relative to the wild-type V L , which had an association constant of 2.4ϫ10 5 M -1 . Surprisingly, the fourth charge mutant, Q38E, had a higher association constant than the wild-type V L . The potential for charged residues to facilitate heterodimeric assembly of immunoglobulin domains was also tested. Heterodimerization was observed between the Q38D and Q38R V L s, but with an association constant of 4.7ϫ10 4 M -1 , approximately fivefold lower than that obtained for homodimerization of the native V L . In addition, replacement of the neutral, solventaccessible Gln38 residue with either Asp or Arg was found to be significantly destabilizing. These results suggest that charged residues could be introduced at immunoglobulin domain interfaces to guide heterodimer formation and to minimize unfavorable competing homologous associations. Nonetheless, these apparently simple modifications may also result in unintended consequences that are likely to depend upon structural features of particular variable domains.
Introduction
The development of useful therapeutic and diagnostic agents from antibody fragments is dependent on the efficient production of these agents. The smallest functional antibody fragment that retains full binding specificity and affinity is the Fv, formed by the non-covalent association of heavy chain variable (V H ) and light chain variable (V L ) domains (Givol, 1991) . Recombinant Fvs have been produced by simultaneous expression and secretion of V H and V L into the Escherichia coli periplasmic space, where the two domains fold and dimerize (Skerra and Plückthun, 1988) or by purification of the individual components from bacterial inclusion bodies followed by in vitro assembly (Cheadle et al., 1992) . The yield of Fv, whether assembled in E. coli or in vitro, depends on the relative contributions of several competing equilibria:
Besides heterodimerization of the V H and V L , leading to formation of the Fv (Equation 1), non-productive selfassociation of the V H and V L domains may occur (Equations 2 and 3). V H domains tend to aggregate owing to exposed hydrophobic surfaces (Ward, 1992) and V L domains form soluble dimers (Stevens et al., 1991) . The association constants of V L dimers range from Ͻ10 3 to Ͼ10 7 M -1 (Stevens et al., 1980; Wilkins Stevens et al., 1995) . This is comparable to values reported for Fv heterodimers, 10 5 -10 8 M -1 (see Glockshuber et al., 1990 , and references therein), suggesting that V L dimerization can be a limiting factor in the production and stability of Fvs. In this paper, we present the results of experiments designed to reduce V L homodimerization by engineering charged modifications of the highly conserved Gln38 residue (Kabat et al., 1991) located on the dimer interface. We also measure the ability of oppositely charged residues at position 38 to drive V L heterodimer formation. These V L mutants provide a simple model for assessing the ability of complementary charges at the domain interface to enhance Fv assembly. In V L dimers, Gln38 residues of opposing monomers hydrogen bond across the interface, whereas in Fvs, the topologically equivalent and highly conserved Gln39 of the V H (Kabat et al., 1991) hydrogen bonds with Gln38 of the V L . Substitution of Gln38 with Asp, Arg, Lys and Ala produced a reduction in homodimerization and heterodimerization was observed between the Q38R and Q38D V L s. Of interest, also, is the high dimerization capacity of the Q38E mutant, resulting from a novel mode of domain association and the apparent sensitivity of V L domain stability to replacement of Gln38 with certain charged residues.
Materials and methods

Molecular modeling and site-directed mutagenesis of the LEN V L
Molecular modeling was performed using INSIGHT interactive graphics software and the DISCOVER computational program package (Molecular Simulations). Gln38 charge variants were constructed by site-directed mutagenesis of the plasmid pkIVlen004, which produces the variable domain of the κIV Bence Jones protein LEN (Schneider and Hilschmann, 1974; Wilkins Stevens et al., 1995) . This plasmid was constructed by insertion of the LEN V L gene behind the ompA periplasmic signal sequence of the E.coli expression vector, pASK40 (Skerra et al., 1991) as described by Wilkins Stevens et al. (1995) . Mutations were introduced by recombinant PCR (Higuchi et al., 1988) or with the MORPH site-specific plasmid mutagenesis kit (5 Prime to 3 Prime) and were verified by dideoxynucleotide sequencing of the entire gene (Sanger et al., 1977) using Sequenase version 2.0 (United States Biochemicals) or the Silver Sequence DNA Sequencing System (Promega). All other recombinant DNA techniques were based on standard methods (Sambrook et al., 1989) . Amino acid residues are numbered according to Kabat et al. (1991) and mutants are denoted by the wild-type amino acid (one-letter code) followed by the residue number and the mutant amino acid.
Protein expression and purification
The E.coli host strain JM83 (Vieira and Messing, 1982) was used for expression of all V L s except for the Q38E mutant, for which the E.coli strain DH5α (Gibco BRL) was a better expression host. Cells were cultured in shake flasks at 30°C in 2ϫYT medium (Sambrook et al., 1989) containing 100 mg/l carbenicillin. V L expression was induced at mid-log phase by addition of IPTG to a final concentration of 1 mM. Cells were harvested after a 16 h induction period and V L s were isolated from periplasmic extracts of the cells by ionexchange and gel filtration chromatography as described (Wilkins Stevens et al., 1995) . Final yields of the mutant V L s ranged from 2 to 17 mg per liter of starting culture. The concentrations of purified V L s were determined at 280 nm using an extinction coefficient of 23 020 M -1 calculated with the Wisconsin Sequence Analysis Package (Version 8, September 1994; Genetics Computer Group, Madison, WI).
Small-zone size-exclusion HPLC V L dimerization was measured by small-zone size-exclusion HPLC using a 0.3ϫ25cm silanized glass column packed with Superdex 75 HR (Pharmacia). All experiments were performed at room temperature in 20 mM potassium phosphate, pH 7.0, containing 100 mM NaCl. The flow rate (0.06 ml/min) was controlled with an LKB 2150 HPLC pump; 5 µl samples were applied to the column with a Rheodyne Model 7410 injector and elution was monitored by measuring the absorbance at 214 nm with a Pharmacia UV-M monitor. Where indicated, the peak areas of the elution profiles were normalized for clarity.
Simulation of V L dimerization
Association constants for V L homo-and heterodimers were determined by fitting simulated elution profiles to the experimental data as described previously (Stevens and Schiffer, 1981; Stevens, 1986 Stevens, , 1989b . Briefly, the simulation is comprised of a series of alternating equilibration and transport steps that represent movement of a sample through an imaginary column consisting of a linear array of cells. The simulation runs iteratively, adjusting monomer and dimer velocities and K a , until a satisfactory fit between the peak positions of the experimental and simulated data is obtained. Diffusion and dispersion algorithms are incorporated to simulate band spreading and values describing these parameters are adjusted manually to obtain the best fit to the peak shape. All simulations were performed with a column length of 708 cells and a sample size of two cells. The simulated run length was 304 708 cycles and each transport cycle represented 3.0 s. All simulations were performed using the assumption of instantaneous equilibration.
The heterologous association of the Q38R and Q38D V L s was also simulated. The possible interactions present in a mixture of these two V L s are represented by the following three equilibria:
Parameters for the first two equilibria were determined from the simulations of the respective homologous interactions. The only new parameter that was assigned for the simulation of the heterologous association was the velocity of the heterodimeric species, which was assumed to be the average of the velocity of the homologous dimers. The diffusion and dispersion parameters for the heterologous dimer were assumed to be identical with those obtained for the homologous dimers. All other conditions for the heterologous simulation were the same as described for the homologous simulations. V L stability measurements Equilibrium guanidine hydrochloride (GdnHCl) denaturation of V L s was measured by following the increase in tryptophan fluorescence that occurs upon exposure of Trp35, which is highly quenched in the native form. The V L s described in this paper also contain a second Trp at position 50 in complementarity determining region 2 (CDR2). Samples containing 1.5 µM V L , 10 mM sodium phosphate, pH 7.5, and various concentrations of GdnHCl were incubated overnight at 25°C. Fluorescence was measured at 25°C with an SLM Aminco SPF-500C spectrofluorimeter (SLM Instruments, Urbana, IL) with excitation at 295 nm and emission at 350 nm. Raw data were corrected for buffer fluorescence and the denaturation curves were analyzed by the linear extrapolation method using the equation derived by Santoro and Bolen (1988) . Non-linear least-squares fitting, performed with the program KaleidaGraph (Synergy Software, Reading, PA), yielded values for ∆G°u nf , the free energy of unfolding in the absence of denaturant, m, the free energy change per mole of denaturant added and the statistical error associated with these parameters. The concentration of GdnHCl at the midpoint of the denaturation curve (C m ) was given by ∆G°u nf /m. The decrease in stability, ∆∆G unf , was calculated relative to the wild-type protein by multiplying ∆C m , the difference between the mutant and wildtype C m , by the m value for the wild-type protein (Cupo and Pace, 1983) .
Results
Modification of the LEN V L dimer interface
The LEN V L (referred to below as wild-type) provided the framework for incorporation of the mutations described in this study ( Figure 1 ). The domain-domain quaternary arrangement of the LEN dimer, related by twofold crystallographic symmetry, is typical of that found in other V L dimers (Huang et al., in press ). There are strong hydrogen bonds in the interface between the OE1 and NE2 atoms of the Gln38 residues of the opposing monomers. Heterologous interactions of the V L mutants were modeled by replacing Gln38 in the two subunits of the LEN dimer with the four possible combinations of complementary-charged residues. Simple steric considerations suggested that Q38K/Q38D might be the preferred pairing. However, routine energy minimization showed that the Arg38 and Asp38 side chains could be rearranged to form a favorable end-on dual N-H···OϭC hydrogen bond (Mitchell et al., 1992) of~2.65 Å in length.
No constraints were used to force this arrangement. Following minimization, superposition of the Cα atoms of the mutated domains on to the wild-type dimer led to r.m.s. deviations of 0.72 and 0.75 Å for the Q38R and Q38D domains, respectively.
Homologous interactions
We have previously used gel filtration chromatography to obtain information on the stoichiometry, kinetics and association constants of immunoglobulin light chains (Stevens et al., 1980; Kolmar et al., 1994; Myatt et al., 1994; Wilkins Stevens et al., 1995) . For interacting proteins, such as V L s, the gel filtration experiment yields an elution position that is a function of the initial protein concentration and the affinity and kinetics of the interaction. The gel filtration behavior of the wild-type and Gln38 mutant V L s was representative of a rapidly equilibrating mixture of monomers and dimers, displaying characteristic shifts in shape and peak position of elution profiles as the initial sample concentration was varied. The relative dimerization capabilities of the wild-type and mutant V L s are compared in Figure 2 . Chromatograms were obtained for the four Gln38 mutants and the wild-type V L at an initial monomer concentration of 0.22 mM. At this concentration, the wild-type V L eluted in a broad, asymmetric peak. Q38D, Q38R and Q38K V L s eluted several minutes later, approaching positions expected for V L monomers. This indicated that the introduction of an Asp, Arg or Lys at position 38 reduced the homodimerization of these variants. The affinity of the interaction was also reduced in the control V L , Q38A, in which the nonhydrogen bonding, non-charged residue, Ala, was substituted for Gln38. Unexpectedly, the Q38E V L eluted earlier than the wild-type V L , implying that the Q38E V L had a higher association constant than the wild-type. The association constants for the Gln38 variants are shown in Table I and are discussed below.
Heterologous interactions
To test whether opposite charges at position 38 could drive the heterologous association of variable domains, appropriate Gln38 mutants were mixed and the complexes were analyzed by size-exclusion chromatography. Figure 3A shows the result of mixing equimolar amounts of the Q38R and Q38D V L s. Figure 3B represents a summation of the chromatograms generated from equivalent concentrations of Q38R and Q38D V L s run separately. The latter chromatogram represents the peak profile that would be expected if the two V L s did not interact. The earlier elution position of the mixture ( Figure 3A ) indicates that heterologous dimers had formed; the association constant is listed in Table I and is discussed below. Of the four possible combinations of V L s having complementary charges, only the Q38R and Q38D V L s formed a heterodimeric complex. No interaction was observed between the Q38K and Q38D V L s, nor did the Q38E V L interact with either of the positively charged Q38R or Q38K mutants (data not shown).
Determination of association constants by simulation of elution profiles
The method of gel filtration chromatography employed in these studies is commonly referred to as small-zone gel filtration (Ackers, 1975) . This format is useful because it requires minimal amounts of sample and can be adapted to fast run times (Stevens, 1989a) . Interpretation of the results of small-zone experiments for systems in dynamic equilibrium is complicated by the continuous dilution of the sample peak as it migrates through the column, resulting in a steady decrease in peak velocity (Ackers, 1975) . No analytical solution for this behavior has been found, so we used computer simulations to extract kinetic and thermodynamic information from the experimental data (Stevens and Schiffer, 1981; Stevens, 1986 Stevens, , 1989b . Figure 4A shows a series of chromatograms obtained by injecting different concentrations of the Q38A mutant. This figure illustrates the change in peak shape and elution position that occurs as a result of varying the initial protein concentration from 1.3 to 0.0022 mM V L monomer. The simulation of the Q38A chromatograms is shown in Figure  4B . This simulation reflects an equilibrium constant for association (K a ) of 1.0ϫ10 5 M -1 ; additional parameters used to fit the experimental data are described in Table I . Series of chromatograms, over similar concentration ranges and data simulations were also generated for the Q38R, Q38D and Q38E V L s. (The Q38K V L , which displayed reduced homodimerization but did not participate in heterologous interaction, was not studied further.) Because dimerization of the Q38R and Q38D V L s was strongly reduced, the highest initial concentrations yielded broad asymmetric peaks; concentrations 0.87, 0.76, 0.65, 0.54, 0.43, 0.32, 0.22, 0.11, 0.043, 0.032, 0.022, 0.011, 0 .0043 and 0.0022 mM. Chromatography was performed as described in Materials and methods. (B) Simulations of the experimental chromatograms above. The V L monomer concentrations for each of the simulated chromatograms correspond to the values given above. Simulated chromatograms were normalized for comparison. The simulation was performed as described in Materials and methods. Monomer and dimer velocities and diffusion and dispersion parameters used in the simulation are listed in Table I . Table I. of these V L s high enough to generate peaks at positions expected for dimers were not attained in these experiments, as shown for Q38R ( Figure 5 ). The simulation of the Q38R data yielded a K a of 1.2ϫ10 4 M -1 ; additional parameters for the Q38R simulation are listed in Table I , as are results of the simulations for the homologous dimerization of the Q38D V L , which had an association constant of 3.2ϫ10 3 M -1 .
The simulation of the Q38E homologous interaction yielded a K a of 5.6ϫ10 5 M -1 (Table I ). This value is approximately twofold higher than that of the wild-type V L , suggesting a surprisingly favorable mode of self-association for the Q38E V L . To understand how this V L could dimerize with two opposing negative charges at the interface, the Q38E V L was crystallized and its structure was determined by X-ray diffraction (M.Schiffer, P.R.Pokkuluri, D.-B.Huang, R.Raffen, G.Johnson, P.Wilkins Stevens and F.J.Stevens, unpublished work). In the X-ray structure of the Q38E dimer, the two monomers associate via the expected interface residues, but in a head-to-tail manner, placing the CDRs at opposite ends of the dimer. This arrangement results in separation of the negatively charged Glu38 residues. The details of the Q38E structure will be described elsewhere. A similar mode of V L dimerization, apparently mediated by a solvent molecule, has been described (Essen and Skerra, 1994) . Table I. We also simulated the heterologous association between the Q38R and Q38D V L s. Figure 6A shows a series of experimental chromatograms obtained by injecting stoichiometric mixtures of the two V L s. In the simulation of the heterologous interaction, the parameters for the corresponding homologous equilibria were held constant and only the value for the K a of the heterologous equilibrium was allowed to vary. By fitting a single parameter, the simulation was able to closely approximate the experimental data ( Figure 6B ). The simulated elution profiles for the heterologous association of the Q38R and Q38D V L s represent a K a of 4.7ϫ10 4 M -1 . This is about fivefold lower than that for the homologous association of the wild-type V L (K a ϭ 2.4ϫ10 5 M -1 ; Table I ) and indicates that, although replacement of the Gln38:Gln38 hydrogen bonds by a salt bridge provided the desired specificity, the overall energy of the V L interaction was diminished.
Effects of mutations on V L stability
The effects of the mutations on V L stability were measured by denaturation in GdnHCl (Figure 7) . Each of the five point mutations was destabilizing relative to the wild-type V L , as indicated by shifts in the midpoint of the mutant denaturation curves to lower concentrations of GdnHCl (Table II) . The magnitude of the destabilization varied considerably among the different mutants. Relative fluorescence values were converted to fraction unfolded as described by Finn et al. (1992) . The solid lines represent the curves predicted by non-linear leastsquares fitting of the data as described in Materials and methods. 
Discussion
Using V L dimerization as a model system for immunoglobulin domain interactions, we have shown that it is possible to greatly reduce homodimerization by placing a charged residue at the V L interface and to produce heterodimers by mixing V L s with complementary charges. These results support further study on the use of charged residues to optimize immunoglobulin domain heterodimerization; however, the decreased K a of the V L heterodimer, relative to the wild-type homodimer, indicates that selection of alternative sites for pairwise introduction of charged groups or incorporation of additional modifications to improve the affinity of the heterodimeric interaction may be necessary. Placement of charged residues on immunoglobulin domain interfaces may also complement other methods currently used for optimizing antibody fragment production, such as linker peptides in single-chain Fvs (scFvs) (Bird et al., 1988; Huston et al., 1988) , incorporation of interdomain disulfide bonds (Glockshuber et al., 1990; Brinkmann et al., 1993) and 'knobs-into-holes' mutations (Ridgway et al., 1996; Zhu et al., 1997) . Our experiments demonstrated that, in the LEN V L background, the Q38R and Q38D V L s formed the most stable heterodimer. This is consistent with the observation that certain configurations of the arginine-aspartate interaction may be especially favorable due to the potential to form two H-bonds (Mitchell et al., 1992) . Although the Arg38 and Asp38 side chains introduced the desired specificity to the dimerization reaction, the K a of the interaction was reduced relative to the wild-type dimer. This is probably a result of an increased 308 desolvation energy for the charged groups (Hendsch and Tidor, 1994) . The role of salt bridges in protein stability and oligomerization is often not obvious. Interactions between polar or charged amino acid side chains may contribute more to specificity than to the energetics of a system (Fersht, 1984) . In support of this idea, the replacement of Gln38 by Ala, in our V L system, resulted in only a 2.4-fold reduction in the homodimer association constant.
Since the V L s described in these experiments do not have a known antigen-binding activity, one area that cannot be addressed using the V L model system is the effect of interface modifications on the integrity of the antigen binding site. Subtle changes in hydrogen bonding patterns at interface residues have been shown to affect the relative orientations of immunoglobulin V L domains (Huang et al., 1994) . In a recent study, alanine scanning mutagenesis of conserved interface residues of a Fab variable domain led to changes in antigen affinity even when the modifications were far from the antigenbinding site (Chatellier et al., 1996) . Finally, the effect of the Q38E mutation on the relative orientation of monomers in the homodimer indicates that large interdomain reorganization may occur upon modification of single residues. Further assessment of the utility of placing salt bridges at immunoglobulin domain interfaces will require the employment of an authentic Fv domain with known antigen-binding activity.
Domain interactions and stability
Our results showed that apparently simple manipulations of the Gln38 residue had unpredictable effects on V L stability and assembly. As part of their studies on V L inclusion body formation and the role of V L dimerization in this phenomenon, Wetzel and co-workers constructed a mutant of the κI protein REI in which Gln38 was replaced by Asp (Chan et al., 1996) . In contrast to our results, they observed no significant effect on dimerization. It is possible that REI Q38D dimerized in a motif similar to that observed by us for LEN Q38E or perhaps has achieved yet another interfacial relationship. Crystallographic analysis of the REI Q38D mutant would be needed to resolve this issue. In REI and LEN, the introduction of Asp at position 38 destabilized the V L s by 1.2 and 2.0 kcal/mol, respectively. Part of this destabilization might arise from loss of an intradomain hydrogen bond between the side-chain amide of Gln38 and the carbonyl oxygen of position 42, as found in an NMR structure of a monomeric murine V L determined by Constantine et al. (1994) . Although an interaction between the glutamine carboxamide oxygen and the amide nitrogen is observed in the X-ray structure of V L dimers, the glutamine side-chain rotamer configuration in the murine V L structure is very different and introduces a second hydrogen bond with the carboxyl oxygen of position 42. However, the unusual glutamine conformation determined by Constantine et al. is seen only once in the 15 energy minimized conformers (pdb1maj) and is approximated once in the 15 simulated annealing (pdb1mak) conformers, suggesting that this structure contributes little to the overall stability of the domain. More likely, then, the destabilization observed on introducing a charged residue or Ala at position 38 originates from perturbation of the electrostatic properties of the domain. It is not clear, however, why the positively charged Arg would have an effect similar to Asp, or why, on the other hand, Lys would have little effect on stability. Perhaps, as we improve our ability to perceive how single amino acid substitutions alter the network of interactions on the surface of a protein, interaction and stability properties of immunoglobulin domains will be better understood and controlled.
